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Abstract 
The Finite Element simulation of machining has been instrumental in developing a deeper understanding of the chip formation 
process. One of the problems in obtaining results which are valid over a large range of cutting conditions has been finding 
appropriate material parameters. The Johnson-Cook material model has been one of the most widely used models for machining 
simulations as it can describe material behaviour for different strains, strain-rates and temperatures. It has been challenging to 
obtain the Johnson-Cook parameters from experiments which are valid over the large range of conditions during machining. 
Whereas during machining strains larger than 200% and strain-rates of over 105 s-1 are observed, in experiments it is only possible 
to reasonably obtain a strain of 50% and strain-rate of 103 s-1 [1]. Inverse identification of the Johnson-Cook parameters from 
machining experiments has been proposed as an alternative method, so that the parameters are valid over large ranges [2-5]. One of 
the problems encountered in this technique is the non-uniqueness of parameter sets which give rise to similar chip shapes and 
cutting forces even if the material parameters are widely different. In this paper, the non-uniqueness of parameters has been studied 
with respect to varying strain-rates and temperatures. In order to do so, the Johnson-Cook parameter space is explored 
systematically to find parameter sets with closely matching stress-strain curves. The influence of plastic heat on the non-uniqueness 
is studied as well. A large pool of non-unique parameters can be reduced by widely changing the cutting conditions, for instance the 
rake angle.  
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1. Introduction 
Machining is a frequently used manufacturing process 
in which a cutting tool is used to remove material from a 
workpiece. Due to its wide industrial application, an 
optimised process can lead to savings in costs, material 
and manufacturing times. A better understanding of the 
machining process is therefore necessary. The material 
removal by a single tool and the associated chip 
formation process has been studied for a long time. 
Initially the chip formation mechanism was explained 
using theoretical models [6,7] based on mechanics, 
which were useful in qualitatively explaining the chip 
formation process. However, due to the complexity of 
the chip removal process, the theoretical models had a 
limited usefulness. With increasing computational 
power, finite element models have become powerful 
tools in understanding the chip formation process [8]. 
Such models have successfully overcome the limitations 
of theoretical models by relaxing the underlying 
assumptions. 
Despite being a powerful analytical tool, finite 
element models are only as good as their input material 
parameters. During machining, a small zone (the shear 
zone) near the tool tip experiences extreme conditions of 
large strains, large strain rates and large temperature 
variations. The material parameters are deemed to be 
obtained under conditions similar to those prevailing in 
the shear zone and are then used in the simulations. 
However, due to the limitations posed by the 
instrumentation, material integrity at these extreme 
conditions, and reliability of measurements, this is not 
possible. For instance, during machining, strains of more 
than 200% can be achieved during continuous chip 
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formation, a temperature rise of several hundreds of 
degrees, and strain rates of over 105 s-1 are found in the 
shear zone [1]. The material parameters for describing 
the plastic behaviour are however obtained from 
experiments such as the split Hopkinson bar tests, during 
which strains of only up to 50% and strain rates of the 
order of 103 s-1 are normally achieved. This material data 
is then used to determine parameters for material models 
such as the Johnson-Cook model. The assumption in 
using these parameters in machining simulations is that 
the model would still reasonably predict the stress 
values, even after extrapolation over several orders of 
strains and strain rates, and at different temperatures. 
This assumption is problematic in particular since there 
is presently no easy way to experimentally verify the 
prediction of these models at extreme conditions. 
Nomenclature 
V  Flow stress 
A, B, n, C, m Johnson-Cook Parameters  
İ  Plastic strain 
ߝሶ   Strain rate 
ߝሶ଴   Reference strain rate 
T  Temperature 
Tmelt  Melting point 
Troom  Room temperature 
E   Taylor Quinney coefficient  
c  Specific heat capacity 
U   Density 
Vadia  Adiabatic stress 
Viso  Isothermal stress 
Eadia  Norm error per data point (adiabatic) 
Eiso  Norm error per data point (isothermal) 
 
Another way of determining material parameters 
which can be used for machining simulations can be by 
inverse parameter identification from machining 
experiments [2-5]. By using a wide range of cutting 
parameters, material parameters can be systematically 
changed until a match is obtained between the 
experiments and the finite element models. The problem 
this method faces is that widely different material 
parameters can still lead to similar results. In this paper 
the problem of non-uniqueness is studied in detail and 
conditions for its occurrence are found.  
2. The Johnson-Cook Model 
The Johnson-Cook Model [9] is one of the most 
widely used material models in machining simulations. 
It allows the material behaviour to be robustly modelled 
over large ranges of strains, strain-rates and 
temperatures. The flow stress V is given by the relation: 
ɐ = ሺA + Bİnሻ ቂ1 + C ln ቀ İሶ
İ0ሶ
ቁቃ ൤1- ቀ T-Troom
Tmelt-Troom
ቁ
m
൨ (1) 
3. Numerical Methodology 
In this non-uniqueness study the objective is to find 
the circumstances under which different material 
parameters give rise to similar chips and cutting forces. 
In order to study this systematically, a finite element 
simulation is conducted with reference parameters as a 
standard simulation. Test simulations are done by 
systematically choosing the material parameters before 
comparing the resulting chip shapes and cutting forces 
with the standard simulation. The parameters such as the 
cutting force, chip shape, chip temperature can be 
directly measured or observed from an experiment and 
hence are called observables in this paper. The finite 
element model is described in Section 3.1 along with the 
standard parameter values. This non-uniqueness study is 
confined to parameters A, B and n as non-uniqueness has 
been reported before, even in this small set [2]. Even 
though strain-rate effects and friction are important in a 
real life machining case, they have been neglected in this 
study for simplification (i.e. C = 0 and P = 0). Since the 
standard simulation and the test simulations have the 
same assumptions, the overall argument about non-
uniqueness is not affected by this simplification. The A, 
B, n parameter space is systematically explored using the 
adiabatic and isothermal stress-strain curves. Moreover, 
the parameter sets which give rise to curves nearly 
similar to the standard curve are used as test parameter 
sets. This selection procedure is explained in Sections 
4.1 and 4.2.  
 
 
Fig. 1: A schematic of the Finite Element model. The rake angle Į is 1° 
and cutting speed Vc is 30 m/s for the adiabatic case and 0.5 m/s for 
non-adiabatic case. 
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3.1. The Finite Element Model 
A two dimensional explicit finite element model of 
orthogonal cutting is created using the commercial finite 
element software ABAQUS 6.9-1 [10]. In this study of 
the non-uniqueness of material parameters, two different 
cases are considered. In the first case, high speed 
machining is modelled and it is assumed that the process 
is adiabatic. The cutting speed is fixed at 30 m/s in this 
case and the workpiece is modelled using CPE4R 
elements. In the second case, the machining is done at 
the much lower speed of 0.5 m/s and the workpiece is 
modelled using CPE4RT elements. Since the simulation 
time is much larger and dynamic forces much lower in 
this case, a fixed mass scaling factor of 3000 is used. A 
schematic diagram of the model has been given in Fig. 1. 
A non-uniform mesh is used so that the initial 10% 
length of the workpiece has a slightly coarser mesh. This 
is to avoid the excessive crushing of elements during the 
initial mesh separation which increases the overall 
simulation time. A fine mesh is used in the other 90% of 
the workpiece’s length to get accurate results. The same 
mesh is used for both adiabatic and non-adiabatic 
simulations. 
Table 1. Material parameters 
Density [kg m-3] 7860 
Young’s Modulus [G Pa] 205 
Poisson’s Ratio 0.28 
Specific Heat [J kg-1 K-1] 600 
Thermal Conductivity [W m-1 K-1] 46.6 
Coeff. of Thermal Expansion [K-1] 13.5 x 10-6 
Tmelt [K] 1500 
Troom[K] 300 
 
In order to model the chip separation, a sacrificial 
layer is defined, consisting of elements that are deleted 
when a critical shear strain of 2 is reached. The effect of 
strain rate and friction is neglected as explained before. 
For this theoretical study, the material parameters have 
been assumed to be that of a steel. The material 
parameters used in the simulation have been given in 
Table 1 and the Johnson-Cook parameters in Table 2.  
Table 2. Johnson-Cook parameters 
A[MPa] B[MPa] n m 
250 250 0.3 0.7 
3.2. Effective stress strain curves 
For a given material point in a machining simulation, 
the stress, strain, strain-rate and temperature histories 
can be obtained from the finite element software. The 
stress-strain history that the material point actually 
undergoes is called the effective stress-strain curve. The 
effective stress-strain curves are a good descriptor of the 
machining process [11]. There can be two extreme cases 
for which the effective stress-strain curves can be 
computed analytically. During the machining process 
plastic work is constantly done on the material, a 
fraction of which leads to the self-heating of the 
workpiece. In an extremely fast process, the heat may 
not be conducted away from the process zone 
instantaneously, which will lead to the adiabatic heating 
of the material. On the other hand, an infinitesimally 
slow process will allow for the heat to be completely 
conducted away to the surrounding workpiece, tool, chip 
and coolant. This process will be isothermal in an ideal 
case. In real life situations, the process should lie in 
between these two extremes, although drawing the 
effective stress-strain curve analytically may be difficult 
due to heat conduction to the surrounding material.  
In order to plot the isothermal stress-strain curve at a 
particular temperature, eq (1) may be used. However, in 
order to draw the adiabatic stress strain curve, the self 
heating must be taken into account. Therefore the 
temperature term in eq(1) is modified by adding a 
temperature change term 'T. The adiabatic stress strain 
curve equation can be expressed as 
ߪ௔ௗ௜௔ = ሺA + Bİnሻ ቂ1 + C ln ቀ
İሶ
İ0ሶ
ቁቃ ൤1- ቀT+¨T-Troom
Tmelt-Troom
ቁ
m
൨(2) 
where the change in temperature 'T is given by 
οܶ ൌ ߚ ׬ ఙೌ೏೔ೌ
ఘ௖
݀ߝ (3) 
E is the Taylor-Quinney coefficient which determines 
the fraction of plastic work which transforms into heat. 
The isothermal stress-strain curves can be considered as 
a special case of the adiabatic stress-strain curves by 
assuming that the Taylor-Quinney coefficient is 0. This 
implies that none of the plastic work transforms into 
heat. In this paper the Taylor-Quinney coefficient is 
taken as 0.9 unless otherwise stated. 
4. Results and Discussions  
4.1. Error Isosurfaces 
In this non-uniqueness study the parameter space has 
to be systematically explored so as to find parameter sets 
which give rise to similar chips and cutting forces. The 
parameter range which was explored has been shown in 
Table 3. However, conducting a finite element 
simulation for each possible parameter set in this range 
can be very expensive computationally. For example in 
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this case, for each parameter, the variation range was 
discretised into 81 values. This means that there were 
813 parameter sets at which the finite element simulation 
should have been done. Instead of taking this 
computationally expensive approach, a different one was 
devised taking into account the fact that similar effective 
stress strain curves give rise to similar chips and cutting 
forces [12]. Since the analytical calculation of effective 
stress strain curves is difficult and has to be obtained 
from finite element runs, its two extreme cases have 
been used instead. For the high speed cutting 
simulations, adiabatic stress strain curves are used for 
the parameter set selection. For the lower speed cutting 
simulations, the isothermal stress strain curves are used 
since the actual effective stress-strain curves are not 
available. Under these conditions the plastic heating of 
the material is not significant and the isothermal stress 
strain curves can describe the deformation process better 
than the adiabatic stress-strain curves. A systematic way 
was devised to select parameter sets for finite element 
simulation, taking into account how close the test curves 
were to the standard curve. 
Table 3. Variation range of Johnson-Cook parameters 
Parameter Minimum Maximum 
At 150 350 
Bt 150 350 
nt 0.2 0.4 
 
In order to quantify the “closeness” of two curves a 
norm error E was defined as 
ܧ ൌ ԡఙሺ஺೟ǡ஻೟ǡ௡೟ሻିఙሺ஺ೞǡ஻ೞǡ௡ೞሻԡ
ே
 (4) 
Here N is the total number of data points, (At, Bt, nt) is 
the test parameter set and (As, Bs, ns) is the standard 
parameter set. The norm error was analytically 
calculated for the isothermal and adiabatic cases using 
the equations 1 and 2 respectively. It is expected that the 
test parameter sets which give rise to curves which are 
nearly similar to the standard curve should also give rise 
to nearly similar observables for the respective cases.  
 
 
 
Fig. 2: Error isosurfaces for adiabatic and isothermal cases. The norm 
error per data point Eadia = Eiso = 0.1. Avg. Chip Strain = 2 
Since the rake angle is 1o and the average strain in the 
chip is of the order of 2, the stress values were calculated 
up to this strain value. Norm error values Eadia and Eiso 
are calculated for the adiabatic and isothermal cases 
respectively by varying the test parameters as shown in 
Table 3. An isosurface can be drawn in the (A, B, n) 
space by selecting all the points which have the same 
norm error value. This closed surface includes all the 
points with a smaller error norm. The error isosurfaces 
have been plotted in Fig. 2. It can be seen that the two 
surfaces (Eadia = Eiso = 0.1) are shaped in the form of a 
banana and that the isothermal isosurface is completely 
contained within the adiabatic isosurface. This means 
that there is more non-uniqueness in the adiabatic case. 
If the Taylor-Quinney coefficient is varied between 0 
and 0.9, the respective isosurfaces lie in between the 
isothermal and the adiabatic isosurfaces and are 
completely contained within these two extremes. 
If parameter sets are chosen so that they stay within 
the adiabatic isosurface, the chip shapes and the cutting 
forces are also expected to be similar to the ones from 
the standard adiabatic simulation. Using similar 
arguments, the parameter sets lying inside the isothermal 
isosurface are chosen for the non-adiabatic simulations. 
Finite element simulations are then conducted using the 
chosen parameter sets to confirm the hypothesis. 
4.2. Finite Element Simulation Results 
Five different sets of points chosen from within the 
respective isosurfaces were used to conduct finite 
element simulations of machining for each of the two 
cases. The parameter sets have been listed in Table 4 for 
the adiabatic case and in Table 5 for the non-adiabatic 
case. The selected parameters sets lie close to the 
isosurface and its values were not similar to the standard 
set. It can be seen that the chip shapes for both the cases 
(Fig. 3) are very similar and so are the cutting forces 
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(Fig. 4 and Fig. 5). In Fig. 3 the chip shapes for all 6 
simulations (for each case) are overlaid, but since they 
match very well, only 3 lines can be distinctly seen.  
Table 4. Johnson-Cook parameter sets for adiabatic simulations 
  A B n Eadia 
Standard Set 250 250 0.3  
Set 1 (adia) 150 350 0.2 0.0965 
Set 2 (adia) 225 277 0.29 0.0898 
Set 3 (adia) 292.5 202.5 0.3775 0.0868 
Set 4 (adia) 307.5 192.5 0.4 0.0958 
Set 5 (adia) 230 270 0.2775 0.0293 
Table 5. Johnson-Cook parameter sets for non-adiabatic 
simulations 
  A B n Eiso 
Standard Set 250 250 0.3   
Set 1 (iso) 152.5 350 0.2 0.0974 
Set 2 (iso) 232.5 267.5 0.2775 0.0232 
Set 3 (iso) 272.5 225 0.34 0.0509 
Set 4 (iso) 307.5 190 0.4 0.0979 
Set 5 (iso) 152.5 350 0.205 0.0997 
 
 
 
 
Fig. 3: Chip shape overlay for a) Adiabatic case b) Non-adiabatic case 
 
 
Fig. 4: Cutting force evolution for the adiabatic case for different 
Johnson-Cook parameter sets 
 
Fig. 5: Cutting force evolution for the non-adiabatic case for different 
Johnson-Cook parameter sets 
 
Fig. 6: Error isosurfaces drawn with average chip strain values of 2 and 
3, showing a method of reducing the number of possible parameter 
sets. 
4.3. Discussion 
It can be seen from the results shown above that all 
the effective stress-strain curves which are within a 
limited tolerance to a standard curve will give rise to 
chips and cutting forces which are almost 
indistinguishable. During the measurement of 
observables such as the cutting force and chip 
temperatures, errors might occur due to the limitations of 
instruments, the skill level of the operator, the conditions 
during the setting up of the experiment, and random 
chance. Therefore material parameters determined using 
such measurements will also factor in the measurement 
errors and will not be exact. By conducting a large 
number of experiments at widely different cutting 
conditions, parameter sets which do not robustly 
describe the process can be eliminated. For example, it is 
seen that non-adiabatic simulations give rise to a smaller 
parameter set pool as compared to the adiabatic 
simulations, as evidenced by Fig.2. Another way of 
eliminating incorrect parameter sets can be to explore 
different parts of a stress-strain relation. For example, if 
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a negative rake angle is used, larger strain values can be 
reached. Isothermal isosurfaces can be drawn for 
average chip strain values of 2 and 3 (Fig 6). The correct 
parameter set then lies in the intersection of the two 
isosurfaces (Fig 7), which is again a smaller subset of 
the previously found suitable parameter sets. Yet even 
after all such treatments, finding the exact standard 
parameter set might be difficult. Therefore, for future 
work, optimisation techniques are being developed in 
order to optimise the whole stress-strain field, 
independently of the parametric descriptors of the 
material model.  
 
 
Fig. 7: The intersection of the error isosurfaces leads to a smaller 
subset of suitable parameter sets 
5. Conclusions 
In this paper the non-uniqueness in Johnson-Cook 
parameters is studied. In order to do so, a finite element 
model of machining is created and two different 
conditions are studied. High speed cutting cases are 
studied using the adiabatic cutting model and lower 
cutting speed case is studied using a non-adiabatic 
model. Effective stress strain curves are drawn for both 
the cases and an error norm value is defined, in order to 
compare the test curves to the standard curve. A 
threshold value of 0.1 is fixed for the error norm and all 
the test parameter sets are found which are within the 
threshold. Out of these, some chosen sets are used for 
the finite element simulation of machining under the 
same cutting conditions as the standard set. It is seen that 
such sets produce indistinguishable chips and cutting 
forces, indicating that it is difficult to eliminate the non-
uniqueness completely when inversely identifying the 
material parameters from real experiments. 
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